To obtain a quantitative characterization of voltage-activated calcium currents in respiratory neurons, we performed voltageclamp recordings in the transverse brainstem slice of mice from neurons located within the ventral respiratory group. It is assumed that this medullary region contains the neuronal network responsible for generating the respiratory rhythm. This study represents one of the first attempts to analyze quantitatively the currents in respiratory neurons. The inward calcium currents of VRG neurons consisted of two components: a high voltageactivated (HVA) and a low voltage-activated (LVA) calcium current. The activation threshold of the HVA current was at Ϫ40 mV. It was fully activated (peak voltage) between Ϫ10 and 0 mV. The half-maximal activation (V 50 ) was at Ϫ27.29 mV Ϯ 1.15 (n ϭ 24). The HVA current was inactivated completely at a holding potential of Ϫ35 mV and fully deinactivated at a holding potential of Ϫ65 mV (V 50 , Ϫ52.26 mV Ϯ 0.27; n ϭ 18). The threshold for the activation of the LVA current was at Ϫ65 mV. This current had its peak voltage between Ϫ50 and Ϫ40 mV (mean, V 50 ϭ Ϫ59.15 mV Ϯ 0.21; n ϭ 15). The LVA current was inactivated completely at a holding potential of Ϫ65 mV and deinactivated fully at a holding potential of Ϫ95 mV (mean, V 50 ϭ Ϫ82.40 mV Ϯ 0.32; n ϭ 38). These properties are consistent with other studies suggesting that the LVA current is a T-type current. The properties of these inward currents are discussed with respect to their role in generating Ca 2ϩ potentials that may contribute to the generation of the mammalian respiratory rhythm.
There is increasing evidence that the neural network responsible for generating the rhythmic breathing movements in mammals is localized within the ventrolateral medulla (Smith et al., 1995; Richter et al., 1997; Rekling and Feldman, 1998) . The neurons within this so-called ventral respiratory group (V RG) form excitatory and inhibitory synaptic interactions between each other and have specific membrane properties that are proposed to be critical for generating the respiratory rhythm (Richter et al., 1987 (Richter et al., , 1992 Funk and Feldman, 1995; Smith et al., 1995; Ramirez et al., 1997; Rekling and Feldman, 1998) . Previous studies have shown that rhythmic postsynaptic activities and action potential discharges activate high and low voltageactivated (H VA and LVA) calcium currents (Richter et al., 1993; Champagnat and Richter, 1994; Pierrefiche et al., 1994) . It therefore is assumed that such intrinsic membrane properties are involved in the generation and termination of rhythmic burst discharges (Pierrefiche et al., 1994) . These in vivo experiments are supported by in vitro studies that were performed in the neonatal brainstem -spinal cord preparation (Onimaru et al., 1996) . Using current-clamp recordings, they have demonstrated qualitatively that rhythmic neurons have calcium currents that contribute to the generation of respiratory burst discharges (Onimaru et al., 1996) . To better describe how such currents may contribute to rhythmic oscillations in VRG neurons, we found it necessary to perform a quantitative analysis. This is particularly important for computational models of respiratory rhythm generation, which at present have incorporated electrophysiological parameters obtained from other neuronal systems (Smith et al., 1995; Rybak et al., 1997) . Here we present a quantitative analysis of the voltage-dependent activation and inactivation properties of low and high voltage-activated calcium currents in VRG neurons. With the use of the visually controlled whole-cell patchclamp technique (Dodt and Ziegelgänsberger, 1990 ) VRG neurons were recorded in a spontaneously active transverse slice preparation.
This transverse slice preparation is a well established in vitro model for respiratory rhythm generation in neonatal rats (Smith et al., 1991) and neonatal and juvenile mice (Funk et al., 1994; . The preparation contains the pre-Bötzinger complex (pBC), a subregion of the VRG that seems to be particularly important for generating the respiratory rhythm (Smith et al., 1991; Funk et al., 1993; Ramirez et al., 1998) . The pBC projects to the hypoglossal (XII) nucleus. The XII nucleus and its peripheral projections in the XII nerve are rhythmically active in phase with inspiration (Withington-Wray et al., 1988) . Here we used the XII nerve discharge to identify functionally a neuron within the ventrolateral medulla. The activity of a rhythmically active neuron was assumed to be "respiratory" in nature if its rhythmic synaptic input occurred in phase with XII burst discharge. A neuron that received no respiratory rhythmic synaptic input was called a "nonrhythmic" neuron. We characterized the voltage dependencies (activation and inactivation properties) of low and high voltage-activated calcium currents of rhythmic neurons as well as nonrhythmic neurons to determine whether rhythmic neurons are characterized by unique membrane properties.
MATERIALS AND METHODS

Preparation and solutions.
The experiments were performed in the transverse medullary slice preparation obtained from 0-to 6-d-old neonatal mice (CD1 mice). The mice were anesthetized deeply with ether and decapitated at the C3/C4 spinal level. All steps to obtain f unctional slice preparations have been published elsewhere and shall be summarized only briefly in this study. The brainstem was isolated in ice-cold artificial C SF (AC SF) containing (in mM): 128 NaC l, 3 KCl, 1.5 CaCl 2 , 1 MgSO 4 , 25 NaHC O 3 , 1 NaH 2 PO 4 , and 30 D-glucose equilibrated with carbogen (95% O 2 /5% C O 2 ), pH 7.4. Secured in a vibratome with the rostral end up, thin slices were sectioned serially from rostral to caudal until the rostral boundary of the pBC was reached. This region was recognized by cytoarchitectonic landmarks such as inferior olive (IO), nucleus of the solitary tract (N TS), hypoglossal nucleus (X II), and nucleus ambiguus (NA), but there was no longer the facial nucleus (Fig. 1 A) . Then a 650-to 700-m-thick section was made caudal of this rostral boundary, and the resulting rhythmic slice was transferred immediately into a recording chamber. The preparationwas submerged with its rostral end up under a stream of AC SF (temperature, 29°C; flow rate, 16 ml /min) and stabilized for 10 min. The potassium concentration of the AC SF was raised over a period of another 15 min and maintained at 8 mM to keep the rhythmic activity regular for up to 13 hr.
Recording and data anal ysis. The activity from the peripheral end of cut X II rootlets was recorded extracellularly with suction electrodes and integrated electronically with a leaky residual capacity circuit (Fig. 1 B) . Whole-cell patch recordings were obtained from the V RG. We assume that the recordings were obtained primarily from the pBC, a region that was identified by using anatomical landmarks clearly visible under a dissection microscope (Fig. 1 A, inset) . However, because the exact anatomical borders of the slice vary, we cannot exclude the possibility that some of our recordings also were obtained from V RG neurons that were localized more rostral to the pBC. Recordings were obtained with unpolished patch electrodes. These electrodes were manufactured from filamented borosilicate glass (C lark GC150F, Pangbourne, UK) and had a resistance of 3-5 M⍀ when filled with a solution containing in concentration (in mM): 110 C sC l, 30 TEA-C l, 1 C aC l 2 , 10 EGTA, 2 MgC l 2 , 4 Na 2 ATP, and 10 H EPES, pH 7.2.
V RG neurons were recorded with the conventional patch-clamp technique (Hamill et al., 1981) and were analyzed by using the software Figure 1 . Preparation and definition of rhythmic versus nonrhythmic neurons of the ventral respiratory group (V RG). A, Schematic representation of the transverse slice containing the pre-Bötzinger complex ( pBC; gray area), a region in the V RG that is presumably the site for respiratory rhythm generation. The right panel shows a video image obtained from the V RG. The image contains neurons that were visualized with infrared Nomarski optics. The electrode tip is visible and points to the voltage-clamp recording shown in C. B, E xtracellular recording obtained from the rhythmically active hypoglossal rootlet (XII, bottom trace) and its integrated signal (top trace). C, Burst activity in the integrated X II recording (top trace) corresponds to rhythmic inward currents in the whole-cell patch recording (bottom trace). A neuron with this property is defined as rhythmic ( R). D, Burst activity in the integrated XII recording (top trace) is not correlated with synaptic activity in the intracellularly recorded V RG neuron (bottom trace). A neuron with this characteristic is defined as nonrhythmic (nR). IO, Inferior olive; NA, nucleus ambiguus; NTS, nucleus tractus solitarius; Sp5, spinal trigeminal nucleus; XII, hypoglossus motor nucleus; X II nerve, X II rootlet.
program pC lamp 6.0 (Axon Instruments, Foster C ity, CA) and the patch-clamp amplifier (AxoPatch 1D), together with the digitizing interface (Digidata 1200A, Axon Instruments).
All quantitative data are given in mean Ϯ SE, if not indicated otherwise. Significance was assessed with the Student's t test, and significance was assumed for values p Ͻ 0.05. This study is based on 48 whole-cell patch-clamp recordings from rhythmic (n ϭ 19) and nonrhythmic (n ϭ 29) neurons located in the ventrolateral medulla.
Because TTX was applied after a whole-cell configuration had been established, it was not possible to record more than one neuron from each slice preparation. V RG neurons located at least three to four cell layers (ϳ80 -150 m) caudal from the rostral surface of the slice were recorded under visual control (Fig. 1 A) . Neurons that were located directly at the slice surface were not analyzed, because they more likely were damaged during the preparation than neurons located deeper within the slice. V RG neurons were identified as rhythmic (R; Fig. 1C ) if the intracellularly recorded rhythmic activity was in phase with the rhythmic activity recorded from the hypoglossal nerve (XII; Fig. 1C ) (for details, see . Neurons without rhythmic synaptic input were declared as nonrhythmic neurons (nR; Fig. 1 D) . All rhythmic V RG neurons in this study received rhythmic synaptic inputs that were coincident with X II nerve discharge. Thus, as will be reviewed in Discussion, no preinspiratory neurons (Onimaru et al., 1996) nor type-1 and type-2 inspiratory neurons (Rekling et al., 1996) were considered in this study.
Current response traces were recorded with either off-or on-line leak subtraction (P/4 protocol), eliminating the linear leak current and residual capacity currents. The liquid junction potential was adjusted manually to zero immediately before the patch-clamp configuration was established. The serial resistance was always 80% compensated and regularly corrected throughout the experiments. The input resistance of all neurons was between 193 and 841 M⍀.
After establishing a whole-cell configuration (Hamill et al., 1981) and before commencing our measurements, we examined voltage-activated calcium currents every 90 sec for 5-10 min. During this time period no measurable rundown of the whole-cell calcium current amplitudes was observed in our recording conditions.
We have to emphasize that whole-cell voltage-clamp recordings from neurons embedded in a f unctional network are accompanied by difficult clamp control. This could lead to incorrect values for current amplitudes. Thus, recordings with obvious space-clamp problems (Armstrong and Gilly, 1992; White et al., 1995) were discarded. Poor space clamping was indicated by rebound spikes (rapid fast-inactivating inward currents, which were induced by steps from depolarizing test potentials to the former holding potential) or by an increase in the delay to onset of an inward current with increasing magnitude of test pulse. Steps to higher test potentials typically were associated with a reduction in delay to current onset. We also discarded neurons with insufficiently blocked K ϩ currents. This was evident in outward currents typically commencing at voltage steps to 10 mV.
To compare current densities, we calculated the area of the investigated neurons from the whole-cell capacity value (readings from the amplifier controls) obtained with 80% compensated serial resistance. We used 1 F/cm 2 for the value of specific capacitance (Hille, 1992) in our calculations.
Please note that the numbers of neurons that were evaluated quantitatively are not always consistent with the number of qualitative observations. In our computer analysis we were able to obtain average data only from those neurons that were examined with the identical experimental protocol. Because this was not always possible, most recordings were evaluated quantitatively for only a limited number of aspects.
All substances used in this study were obtained from Sigma (St. L ouis, MO) except TTX, which was obtained from Alomone Labs (Jerusalem, Israel).
RESULTS
Pharmacological isolation of whole-cell voltageactivated calcium currents in VRG neurons
The voltage-activated potassium currents were blocked intracellularly with 110 mM C sC l and 30 mM tetraethylammonium (TEA) chloride. To test the effective intracellular block of voltageactivated potassium currents, we applied additional 30 mM TEA into the extracellular solution. Under these conditions the voltage-dependent currents (Fig. 2 A) were activated by depolarizing voltage steps from Ϫ80 to 40 mV (duration, 150 msec; step size, 10 mV) from a holding potential (V h ) of Ϫ60 mV ( Fig. 2 A , inset) . The voltage steps were separated by an interval of 2 sec to avoid current inactivation. Note that, in the example shown in Figure 2 A, sodium currents were not blocked (see next paragraph). Thus, the current amplitude was measured 75 msec after the onset of the test pulse (steady state, as indicated in Fig. 2 A, diamonds). The steady state also was measured in this case because the influence of possible unblocked potassium currents was larger at the steady-state value as compared with the peak value. However, even when the steady-state current amplitude was measured, the additional bath application of 30 mM TEA did not change the maximal steady-state inward current amplitude significantly (V m Ϫ10, p ϭ 0.508; V m 0, p ϭ 0.054), but it always reduced significantly the outward current amplitude at membrane potentials ( These experiments showed that the intracellular blockade of potassium currents with TEA and CsCl was sufficient for investigating the maximal inward current amplitude. This is particularly the case because we always quantified in the following experiments the peak current amplitude (as described in the next paragraph), which probably was affected less by unblocked outward currents as compared with the steady-state current amplitude (Figs. 3-10) . Thus, in the following experimental protocols we did not add extracellular TEA in order to save time associated with the solution exchange and to reduce the danger of losing the recording configuration.
In addition, voltage-activated inward sodium currents were blocked by extracellular bath application of 0.5 M tetrodotoxin (TTX). Using the same voltage protocol as described earlier, we activated voltage-dependent inward currents and measured the amplitudes at the peak response as indicated ( filled triangles) in Figure 3A (I-V curve, Fig. 3B ). These currents appeared to be voltage-activated calcium currents, because 86.5% of the maximal peak current amplitude was blocked by extracellular 200 M Cd 2ϩ (n ϭ 10) [ Fig. 4 (normalized values, 0 Х 0%; maximum value, Х 100%), control ( filled triangles) and cadmium (open triangles)].
Electrophysiological differentiation of whole-cell voltage-activated calcium currents in VRG neurons
When it was started from a holding potential of Ϫ90 mV, an additional component of the peak current (Fig. 5A ) was elicited by the same test voltage steps as described in Figure 3 . This component was not evoked when the starting holding potential was Ϫ60 mV (Fig. 5B) . The difference between the currents elicited from the holding potentials of Ϫ60 and Ϫ90 mV is most evident in the I-V curve (Fig. 5C ). In the following we will refer to the currents evoked from a holding potential of Ϫ60 mV as the HVA calcium currents ( filled triangles). The additional currents evoked from a holding potential of Ϫ90 mV will be called the LVA calcium currents. In Figure 5C ( filled squares) an arrow indicates the current containing both the LVA and HVA calcium currents (Carbone and Lux, 1984; Hille, 1992) .
Isolation of the LVA calcium current and comparison between rhythmic and nonrhythmic VRG neurons
The current responses obtained by depolarizing voltage steps from a V h of Ϫ60 mV were subtracted from the current responses obtained from a V h of Ϫ90 mV to isolate the LVA calcium current from the H VA calcium current. This subtraction method frequently has been performed as a protocol to isolate the LVA calcium current (see Bean, 1985; Hille, 1992) . The subtraction reveals an inactivating inward current (Fig. 6 A) . The average peak voltage of the LVA calcium current was at Ϫ40 mV (Fig.  6 B) . In all examined cases (n ϭ 4) the LVA calcium current amplitude was reduced (Ͼ50%) in the presence of low nickel chloride concentrations (200 M) as exemplified in Figure 6 B (inset). The sensitivity to nickel was not quantified f urther.
We found that 79% of all investigated rhythmic neurons had a detectable LVA calcium current, whereas only 44% of the nonrhythmic neurons expressed a LVA calcium current. The average value of the detectable LVA calcium currents was larger for rhythmic (R; n ϭ 12) (V m Ϫ40, Ϫ572 Ϯ 136 pA; V m Ϫ50, Ϫ453 Ϯ 116 pA) (Fig. 6 B, filled circles) than for nonrhythmic neurons (nR; n ϭ 9) (V m Ϫ40, Ϫ351 Ϯ 43 pA; V m Ϫ50, Ϫ312 Ϯ 41 pA) (Fig.  6 B, open circles) . However, a significant difference between rhythmic and nonrhythmic neurons could not be observed (V m Ϫ40, p ϭ 0.644; V m Ϫ50, p ϭ 0.972).
The area for rhythmic neurons (n ϭ 24) was 1854 Ϯ 183 m 2 . For nonrhythmic neurons (n ϭ 25) the area was 1020 Ϯ 114 m 2 .
The average area of the rhythmic neurons was significantly larger ( p ϭ 0.0014) than the area of the nonrhythmic neurons. The current density (pA/m 2 ) was calculated for LVA and HVA calcium currents. The calculated current density of LVA calcium currents for rhythmic neurons was 0.379 Ϯ 0.074 pA/m 2 (n ϭ 10). For nonrhythmic neurons the current density was 0.414 Ϯ 0.062 pA/m 2 (n ϭ 8). The average current density value of rhythmic neurons was not significantly different ( p ϭ 0.729) from the value of nonrhythmic neurons.
Voltage-dependent activation and inactivation properties of the LVA calcium current
The activation properties were evaluated from the isolated LVA calcium currents (see above). The absolute peak current ampli- tudes were always normalized (0% Х minimum current amplitude; 100% Х maximum current amplitude), and all normalized data points obtained in that manner were distributed normally ( p Ͼ 0.10). The average of all normalized values for each test potential was calculated and plotted against the respective test potentials as well as fit with a sigmoidal Boltzmann curve (I/I max ϭ 1/1 ϩ exp(V 50 Ϫ V/slope) (Fig. 7) . The half-maximal activation (V 50 , the membrane potential at which one-half of all involved channels are activated) obtained for rhythmic neurons (Ϫ59.05 Ϯ 0.01 mV; n ϭ 9) (Fig. 7A, right curve) was not significantly different ( p ϭ 0.344) from the V 50 value (Ϫ58.91 Ϯ 0.12 mV; n ϭ 6) obtained for nonrhythmic neurons (Fig. 7B, right curve) . Similarly, the slope (the slope factor describes the steepness of a curve) of activation was not significantly different ( p ϭ 0.067) between rhythmic (2.36 Ϯ 0.02; Fig. 7A ) and nonrhythmic neurons (2.40 Ϯ 0.38; Fig. 7B ).
The inactivation properties of the LVA calcium current were evaluated by using the following waveform protocol: different holding potentials incrementing in 10 mV steps from Ϫ120 to Ϫ60 mV were maintained for 2 sec before being stepped to a test potential of Ϫ50 mV (duration, 50 msec). This waveform protocol revealed the maximal peak amplitude of the LVA calcium current from different holding potentials. The measured peak amplitudes were normalized (see detailed description above), and all normalized data points were distributed normally ( p Ͼ 0.10). The mean values were calculated and plotted against the respective holding 
Figure 7. Comparison of voltage dependencies (activation and inactivation curves) of LVA calcium currents between rhythmic (R , filled circles) and nonrhythmic (nR, open circles) V RG neurons. All data points are normalized (see Results). A sigmoidal Boltzmann curve is fit through each data set (see Results).
A, Voltage-dependent activation (data points on the right curve; n ϭ 9) and inactivation (data points on the lef t curve; n ϭ 11) properties for the LVA calcium current in rhythmic neurons. B, Voltage-dependent activation (data points on the right curve; n ϭ 6) and inactivation (data points on the left curve; n ϭ 27) properties for the LVA calcium current in nonrhythmic neurons. potentials. A sigmoidal Boltzmann curve (I/I max ϭ 1/1 ϩ exp(V Ϫ V 50 /slope) was fit through the data points (Fig. 7A,B) . The V 50 value of inactivation obtained for rhythmic neurons (Ϫ80.72 Ϯ 0.14 mV; n ϭ 11) (Fig. 7A, lef t curve) was not significantly different ( p ϭ 0.061) from the V 50 value (Ϫ83.09 Ϯ 0.11 mV; n ϭ 27) obtained for nonrhythmic neurons (Fig. 7B, lef t curve) . Similarly, no significant difference ( p ϭ 0.584) between rhythmic (Ϫ5.31 Ϯ 0.13 mV; Fig. 7A ) and nonrhythmic neurons (Ϫ5.38 Ϯ 0.09 mV; Fig. 7B ) was found for the slope of inactivation.
Comparison between the HVA calcium current of rhythmic and nonrhythmic VRG neurons
To compare H VA calcium currents between rhythmic and nonrhythmic neurons, we obtained the current-voltage relationship of 31 neurons (10 rhythmic and 21 nonrhythmic neurons) by using the voltage protocol described in Materials and Methods. With 1.5 mM external Ca 2ϩ as the charge carrier, the peak current amplitude for nonrhythmic neurons was Ϫ490 Ϯ 71 pA at a test potential of Ϫ10 mV and Ϫ501 Ϯ 81 pA at 0 mV (Fig. 8 A, open  circles) . For rhythmic neurons the peak current amplitude was Ϫ795 Ϯ 189 pA at Ϫ10 mV and Ϫ782 Ϯ 228 pA at 0 mV (Fig. 8 A,  filled circles) . The HVA calcium current amplitude was not significantly different between rhythmic neurons and nonrhythmic neurons (V m Ϫ10, p ϭ 0.087; V m 0, p ϭ 0.145), but the values tended to be larger in rhythmic as compared with nonrhythmic neurons. The current density value of HVA calcium currents in rhythmic neurons was 0.437 Ϯ 0.070 pA/m 2 (n ϭ 14). For nonrhythmic neurons the current density was 0.558 Ϯ 0.077 pA/m 2 (n ϭ 17). The average current density values of the HVA calcium current for rhythmic and nonrhythmic neurons were not significantly different ( p ϭ 2.660).
Different subtypes of calcium currents contributed to the HVA currents. This is demonstrated by bath application of several specific H VA calcium channel blockers (Fig. 8 B) . The effect on HVA calcium peak current amplitudes was assessed by applying at every 20 sec a voltage step from Ϫ60 to Ϫ10 mV (duration, 150 msec). The H VA calcium current amplitudes were reduced after the application of -conotoxin M V IIA (0.5 M), -conotoxin MVIIC (0.5 M), -agatoxin IVA (200 nM), and nifedipine (4 M), indicating the presence of several calcium current subtypes (N-, Q-, P-, and L -type, respectively) in both rhythmic and nonrhythmic neurons (Fig. 8 B) . However, the contribution of each of these subtypes varied between individual neurons; therefore, f urther quantification will be necessary to assess possible variations between f unctionally different neurons.
Voltage-dependent activation and inactivation properties of the HVA calcium current
To assess the activation properties of the H VA calcium currents, we increased the voltage in 10 mV steps from Ϫ60 to 0 mV from a holding potential of Ϫ60 mV. The measured peak amplitudes were normalized, and the mean values were calculated and plotted against the respective holding potentials (see detailed description above). A sigmoidal Boltzmann curve was obtained as described above (Fig. 9A,B) . The half-maximal activation of all examined rhythmic neurons (n ϭ 9) was V 50 ϭ Ϫ27.82 Ϯ 1.13 mV, and the slope was 5.69 Ϯ 1.10 (Fig. 9A, right curve) . For nonrhythmic neurons (n ϭ 15) the V 50 value was Ϫ26.97 Ϯ 1.13 mV, and the slope value was 5.70 Ϯ 1.03 (Fig. 9B, right curve) . The average voltage-dependent activation properties of rhythmic and nonrhythmic neurons were not statistically different (V 50 , p ϭ 0.400; slope, p ϭ 0.494).
The voltage-dependent inactivation properties were determined by using the following waveform protocol: the voltage was changed in 10 mV steps from Ϫ80 to Ϫ20 mV and maintained for 2 sec before being stepped to the test potential of Ϫ10 mV (duration, 50 msec). The measured peak amplitudes were normalized, and the mean values were calculated and plotted against the respective holding potentials. A sigmoidal Boltzmann curve was plotted as described above (Fig. 9A,B) . The half-maximal inactivation for all investigated rhythmic neurons (n ϭ 5) was V 50 ϭ Ϫ52.40 Ϯ 0.27 mV, and the slope was Ϫ5.23 Ϯ 0.25 (Fig. 9A,  left curve) . The inactivation properties for nonrhythmic neurons (n ϭ 13) were V 50 ϭ Ϫ52.21 Ϯ 0.42 mV, and the slope was Ϫ5.17 Ϯ 0.38 (Fig. 9B, left curve) . The average inactivation properties of nonrhythmic neurons were not significantly different from the properties of rhythmic neurons (V 50 , p ϭ 0.973; slope, p ϭ 0.833).
Effect of barium on the voltage-dependent activation of the HVA calcium current
We used Ca 2ϩ as a charge carrier to assess the whole-cell calcium current that presumably will flow into the cell under normal conditions. However, this may lead to a calcium-dependent inactivation of the inward calcium current. To examine how this inactivation may affect the voltage-dependent activation properties, we added 5 mM barium chloride into the bath solution. As described above, no significant difference of the voltage dependencies between rhythmic and nonrhythmic neurons was observed. Thus, the data obtained for these two groups of neurons were pooled for this comparison. With Ca 2ϩ ions as the charge carrier the V 50 value for 24 neurons (9 rhythmic plus 15 nonrhythmic) was Ϫ27.29 Ϯ 1.15 mV, and the slope was 5.70 Ϯ 1.05 (Fig.  10, filled diamonds; fit, solid line) ; if barium ions were added (n ϭ 6), the V 50 value decreased to Ϫ23.12 Ϯ 1.01 mV. The slope value increased significantly to 7.03 Ϯ 0.95 (Fig. 10, open diamonds; fit, dotted line). The peak current amplitude increased by 85.4 Ϯ 33.4%. However, at this relatively low concentration of barium (5 mM), which was added to the external 2 mM calcium concentration, the increase was not significant ( p ϭ 0.1237). We also observed that the peak voltage tended to shift from Ϫ10 toward 0 mV. This shift was also not significant. . A, Voltage-dependent activation (data points on the right curve; n ϭ 9) and inactivation (data points on the lef t curve; n ϭ 5) properties for the HVA calcium current in rhythmic neurons. B, Voltage-dependent activation (data points on the right curve; n ϭ 15) and inactivation (data points on the left curve; n ϭ 13) properties for the H VA calcium current in nonrhythmic neurons.
DISCUSSION
Calcium currents in rhythmic neurons
Low voltage-and high voltage-activated inward currents were characterized for rhythmic neurons located within the ventrolateral medulla of mice in the so-called V RG. We used the extracellularly recorded X II activity as a marker for inspiratory activity (Withington-Wray et al., 1988; Smith et al., 1990) . All rhythmic neurons recorded in this study received rhythmic synaptic input coinciding with X II bursts (see Fig. 1 ). Those that received no rhythmic synaptic input were called nonrhythmic neurons. However, the identification of a nonrhythmic neuron is not unambiguous, because these neurons could be rhythmically active during other behaviors such as vomiting, mastication, or vocalization. Nonrhythmic neurons also could be respiratory neurons that are recruited only during more intense breathing conditions. Moreover, the presence of nonrhythmic neurons also could reflect an artifact of the in vitro preparation, because the slicing technique inevitably removed other portions of the respiratory network. It is well established that under in vivo conditions respiratory neurons are distributed widely within the VRG (Bianchi et al., 1995; Richter et al., 1997) . Thus, the isolation of a portion of the V RG may lead to a loss of rhythmic input into some of the neurons. However, this possibility seems unlikely, because it would imply that some V RG neurons receive rhythmic input only from areas of the V RG that were not included in the slice.
In this study we did not investigate all known types of respiratory neurons. Our study focused only on those neurons that received phasic synaptic input coinciding with hypoglossus bursts. Thus, our conclusions cannot be extended to all known types of respiratory neurons.
Voltage dependencies of LVA and HVA calcium currents
The voltage-dependent activation and inactivation properties of calcium currents were similar in rhythmic neurons and nonrhythmic neurons. In the case of the LVA calcium current the voltagedependent properties were also consistent with the values described for other central neurons. The half-maximal inactivation of Ϫ82 mV as described here was within the range seen elsewhere (Ϫ83 to Ϫ86 mV) (O'Dell and Alger, 1991; Swandulla et al., 1991; Huguenard et al., 1993; Dzhura et al., 1996; Beck et al., 1997; Mouginot et al., 1997) as was the threshold for activation at Ϫ65 mV (Hernandez-Cruz and Pape, 1989; Sayer et al., 1990; O'Dell and Alger, 1991; Huguenard et al., 1993; Viana et al., 1993; Dzhura et al., 1996; Beck et al., 1997; Mouginot et al., 1997) . As was observed also in other studies, the electrophysiologically isolated LVA calcium current showed a more rapid decay than the HVA calcium currents (Fedulova et al., 1985; Bean, 1989; Hernandez-Cruz and Pape, 1989; Hess, 1990; Mynlieff and Beam, 1992; Huguenard et al., 1993; Viana et al., 1993; Wang et al., 1996; Beck et al., 1997; Mouginot et al., 1997) .
The HVA calcium currents described in this study for rhythmic neurons had an activation threshold of Ϫ40 mV. This is also consistent with other studies (Sayer et al., 1990; Hay et al., 1996; Yu and Shinnick-Gallagher, 1997) . The half-maximal inactivation potential described for amygdala neurons was Ϫ58 mV (Yu and Shinnick-Gallagher, 1997) ; in our study we obtained a value of Ϫ52 mV. However, it must be emphasized that in contrast to the LVA current there is greater variability in the half-maximal inactivation potential obtained for the HVA current in different preparations [intracardiac neurons, Ϫ33.7 mV (Joeng and Wurster, 1997) ; carotid body glomus cells, Ϫ38 to Ϫ47 mV (Silva and Lewis, 1995; Overholt and Prabhakar, 1997) ; olfactory bulb neurons, Ϫ67 mV (Wang et al., 1996) ; hippocampal pyramidal cells, Ϫ78 mV (Thompson and Wong, 1991) ]. These differences could be attributable to the fact that different subtypes of HVA calcium currents (Fox et al., 1987) contribute to the whole-cell current in the different preparations. In this study we found qualitatively a great variability for the contribution of different subtypes. Thus, further studies will be necessary also to investigate quantitatively the known subtypes of HVA currents and their contribution to the discharge pattern of respiratory neurons.
The functional role of calcium currents in rhythmic respiratory neurons
The amplitude of the LVA calcium current, also known as T-type calcium current (Carbone and Lux, 1984, 1987; Fox et al., 1987; Tsien et al., 1988) , previously was not determined quantitatively for neurons in the VRG. We observed that the T-type amplitude in rhythmic neurons was more variable and tended to be larger as compared with nonrhythmic neurons. The average current density of rhythmic and nonrhythmic neurons was almost similar; therefore, the larger average area of rhythmic neurons could be responsible for the difference in the T-type amplitudes in both groups.
However, most rhythmic neurons (79%) had a T-type calcium current, whereas it was expressed in only 47% of the nonrhythmic neurons. This finding is different from a previous in vitro study that suggested that only a minor proportion of respiratory neurons has T-type calcium currents (Onimaru et al., 1996) . This discrepancy could be attributable to differences in the types of examined respiratory neurons. Our study included only neurons that commenced to discharge simultaneously with the hypoglossus burst, whereas the study of Onimaru et al. (1996) examined mostly the so-called preinspiratory neurons that discharge before the XII burst. Furthermore, the study by Onimaru et al. (1996) is based on current-clamp experiments in which the presence of a T-type calcium current was inferred from the ability to evoke a rebound spike.
The finding that rhythmic neurons more often express a T-type calcium current is interesting, because it is believed that the activation of the T-type calcium current plays an important role in triggering the onset of a respiratory cycle Richter et al., 1997) . The role of the T-type calcium currents in triggering a new rhythmic cycle also has been postulated in other rhythm-generating neuronal networks (L linás and Yarom, 1981; Huguenard and McCormick, 1992; Huguenard and Prince, 1992; Huguenard, 1996) .
However, as also discussed by Onimaru et al. (1996) , it is unlikely that the T-type calcium current plays an important role in the initiation of a respiratory cycle under the in vitro conditions. Although the neurons receive massive synaptic glycinergic input during the interburst interval, the resting membrane potential of respiratory neurons under in vitro conditions is at a voltage range of approximately Ϫ55 mV (Onimaru et al., 1996) . At this membrane potential most of the T-type calcium current is inactivated according to our study. However, this current may play an important role under in vivo conditions in which the membrane potentials are closer to Ϫ70 mV (Richter, 1983) . During the interburst interval these in vivo neurons are hyperpolarized sufficiently to remove the inactivation of the T-type calcium current. This removal may prepare the T-type current for triggering the next respiratory cycle (Richter et al., 1993 . In fact, under in vivo conditions some respiratory neurons are characterized by a rapid activity onset and a maximal peak frequency at the beginning of their active phase (Richter, 1983; Ramirez et al., 1997; Richter et al., 1997) .
The f unctional role of the H VA calcium current in the different types of respiratory neurons remains unresolved. Given that the contribution of different subtypes was variable, it is conceivable that different neuron types have quantitatively different subtypes of currents that may contribute to the generation of bursting properties as well as synaptic transmission. To examine this possibility, we believe it will be necessary to identif y quantitatively the different subtypes of H VA calcium currents in functionally identified neurons, as has been done in the lamprey swimming system (El Manira and Bussières, 1997) .
It is agreed generally that the respiratory rhythm is generated by a combination of synaptic properties and voltage-dependent inward and outward currents (Bianchi et al., 1995; Smith et al., 1995; Richter et al., 1997; Rybak et al., 1997) . However, all models proposed for respiratory rhythm generation are still qualitative and are based on membrane properties obtained from neurons in other brain areas. This study aimed at providing the first quantitative values for the calcium currents of rhythmic V RG neurons. This is an essential first step if we want to understand how the complex interplay between membrane and synaptic properties leads to the generation of rhythmic activity in the respiratory neuronal network.
